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Bulk metallic glasses (BMGs) are a promising class of engineering materials, but they can be
difﬁcult to machine due to high hardness and a metastable structure. Crystallization due to
machining can have negative effects, such as a decreased load-bearing capacity of fabricated
parts, and thus should be avoided. Here, a Zr-based BMG was machined using abrasive waterjet
(AWJ), electrical discharge, ns-pulsed laser engraving, and conventional dry-milling techniques.
Characterization of the processed material indicated that AWJ preserves the amorphous phase and
provides the combination of speed and ﬂexibility required to rapidly fabricate small three-
dimensional parts, while the other techniques did not achieve these goals. As proof-of-principle,
a screw, similar to an orthopedic implant, was rapidly machined from the BMG using AWJ.
I. INTRODUCTION
Certain alloy melts can be solidiﬁed without crystalli-
zation, producing an amorphous alloy or metallic glass.
In the case of small critical cooling rates (1–100 K/s),
amorphous specimens with a critical dimension ranging
from 1 mm to a few centimeters can be produced by con-
ventional die-casting.1 Bulk metallic glasses (BMGs)
possess desirable mechanical, magnetic, thermophysical,
and corrosion properties2,3 that make them attractive for
a variety of applications including biomedical implants.4,5
The amorphous state is metastable, which limits the
amount of heat and/or strain that can be applied during
a process such as machining. Crystallization or structural
relaxation of the glass may negatively affect the properties
of a machined part by, e.g., reducing the load-bearing
capacity. Alternatives to machining, such as net-shape
casting,6 thermoplastic forming,7 and blow molding8 have
been used to produce complex parts from BMGs. These
methods, however, also have drawbacks: net-shape cast-
ing of complex parts generates high shear stresses in
the melt, which can induce crystallization or create ﬂow
defects in the part; thermoplastic forming and blow
molding can be performed on limited timescales only
and may be applied only to BMGs with high thermal sta-
bility. Thus, machining methods that are “nondestructive”
with respect to the amorphous phase and that offer many
degrees of freedom are needed to extend the application of
BMGs.
Machining of Zr-based BMGs by milling,9 turn-
ing,10,11 or drilling12 has been studied. The respective
studies report that temperatures up to 2700 K may arise
and that damage to cutting tools, due to the high hardness
of the BMG, can occur. The effects of laser micromachin-
ing of a Zr–Cu–Al BMG with a CO2 laser have been
examined,13 showing formation of crystalline grains in the
heat-affected zone and contraction due to recrystallization
in the melted zone. Noncontact micro-electrical discharge
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machining (EDM) of the surface of a BMG has also been
explored14,15 and was found to be nondestructive.
Abrasive waterjet (AWJ) machining16 is an attractive
alternative to the above methods. In AWJ, a mixture of
water and abrasive material (usually garnet granules of
around 1–2 lm diameter with variable concentration in
the mixture) is ejected at high pressure (typically between
1 and 10 kbar) through a focusing nozzle, producing a
cutting jet that can be used to machine a wide variety of
materials including ceramics, metals, wood, and plastic.
Local heating is minimal with this method, making it
attractive for machining heat-sensitive materials. In a ﬁve-
axis conﬁguration with computer numerical control (CNC),
it can be used to machine complex three-dimensional (3D)
shapes. To our knowledge, a detailed study of AWJ on
BMGs has not yet been reported.
In the present study, four methods—milling, ns-pulsed
laser cutting, wire-EDM, and AWJ—were used to ma-
chine a Zr-based BMG. The processed specimens were
analyzed by scanning electron microscopy (SEM), x-ray
diffraction (XRD), and differential scanning calorimetry
(DSC). From these results, and from comparison to pre-
vious reports, AWJ was determined to be the optimal
method of nondestructive machining of BMGs to produce
complex parts. As proof-of-principle, a prototypical screw
was machined from the BMG using AWJ.
II. EXPERIMENTAL METHODS
Amorphous samples of Zr52.5Cu17.9Ni14.6Al10Ti5
(Vitreloy 10517; all values in at. %) were prepared in
various geometries by two methods: radio-frequency in-
duction melting and gravity casting into a Cu mold, or
suction casting during electrical arc melting on a water-
cooled Cu hearth. The gravity casting method produced
plates with nominal dimensions of 65  43  3 mm3;
suction casting with various molds produced cylinders of
either 2 or 4 mm diameter and 30 mm length. The plates
were machined by four methods: conventional dry milling
on a Mikron VC 1000 (The Mikron Group, Agno,
Switzerland) machining center at cutting speeds of 20
and 200m/min using a straight cemented carbide tool (ISO
K10); wire-EDM in a deionized water dielectric with
values of peak current varied from 100 to 380 A, pulling
force of 13 N, impulse times ranging from 1 to 2.5 ls,
frequency of 10 kHz, and open voltage of 85 V; AWJ with
a garnet abrasive mixture at a constant ﬂow rate of 170 g/
min, pressure of 2400 bar, a nozzle of 0.5 mm diameter at
its exit, and feed rates varying from 300 to 1000 mm/min
(see also Fig. 1); ns-pulsed laser structuring (average
maximum output power 18 W) performed at various
combinations of feed rate varied from 100 to 1900 mm/s
and output power varied from 10 to 100%, with pulse
frequencies of 30, 65, and 100 kHz. During AWJ, thermal
radiation images were captured using an infrared camera.
The as-cast and machined samples were examined by
XRD, using Cu Ka (k 5 0.15406 nm) radiation in
a Bragg–Brentano geometry, and SEM using a Hitachi
SU-70 (Hitachi High Technologies America, Inc., Pleas-
anton, CA) operated at 20 kV. Sections of 5 mm length
were cut from the 2mm diameter rods by AWJ at speeds of
400, 500, and 1000 mm/min, and analyzed by DSC during
linear heating at a rate of 5 K/min using a Netzsch model
404 DSC (Netzsch GmbH, Selb, Germany). Chips pro-
duced by milling were analyzed in a Seiko Instruments
220CU DSC (Seiko Instruments, Chiba, Japan). The
screw prototypes were machined from the 4-mm BMG
rods by AWJwith a 0.6-mm focusing nozzle while ﬁxed in
a rotating chuck (see also Fig. 5 and related discussion).
III. RESULTS AND DISCUSSION
Figure 1(a) shows the setup used for AWJ of the BMG
plates, and Fig. 1(b) shows a thermal image obtained
during cutting of the plates. From an analysis of the
thermal images, the maximum temperature was 63.1 °C,
indicating that this process could be used to machine most
BMGs without thermal damage.
Figure 2 shows SEM images of the surfaces resulting from
AWJ and wire-EDM. Figure 2(a) shows the surface after
machining by waterjet cutting at a feed rate of 1000 mm/min.
The effects of broadening of the jet are evident from a slight
change in roughness along the cutting direction (indicated by
the black arrow); this effect was observed for all speeds.
Figure 2(c) shows a magniﬁcation of the lower portion of the
cut zone in (a), where grooves 1–2 lmwide produced by the
abrasive can be seen. Similar images for wire-EDM cutting
are provided in Fig. 2(b) and its inset (although no directional
effects are present for EDM). From Fig. 2(b), it is evident that
EDM produced a surface composed of agglomerations of
micrometer sized, approximately spherical particles. The
formation and structure of the surface produced by EDM is
discussed in more detail below. The surface morphologies
resulting from both methods depicted in Figs. 2(a) and 2(b)
FIG. 1. (a) A photograph of the setup used for cutting the Zr-based
bulk metallic glasses (BMG) plates by abrasive waterjet (AWJ)
machining and (b) thermal image taken during cutting of a BMG plate,
with a maximum temperature of 63.1 °C.
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were representative of all parameter sets studied for those
techniques; slight changes in roughness could be seen, but
they did not depend systematically on machine parameters.
Figure 3 shows grooves engraved by ns-pulsed laser
micromachining with different combinations of output
power and feed rate, at a ﬁxed pulse frequency of 30 kHz.
Figures 3(a) and 3(b) show engravings made with 100 and
1000 mm/s feed rate, respectively, with power ﬁxed at
10%; Figs. 3(c) and 3(d) are for the same speeds, with the
power increased to 70%. Dramatic differences in the
morphology of the cut surfaces can be seen for the different
conditions. At lower power, increasing the feed rate resulted
in overlapped individual melted spots of around 40 lm
diameter [Fig. 3(b)]. The ripple patterns indicate contraction
of thematerial upon solidiﬁcation of themelted zone, owing
to crystallization. Since the density of the amorphous phase
is similar to that of the liquid, such contraction would not
occur if the recast zone were amorphous. Increasing output
power to 70% resulted in prominent damage from recasting
and deposition of melted material [Figs. 3(c) and 3(d)].
From these results, we conclude that the particular method
of laser machining studied here is not suitable for structur-
ing of these BMGs without thermal damage. Implementa-
tion of more sophisticated methods using ultrashort laser
pulses may still be useful for structuring BMGs; additional
work on this topic is proceeding.
Figure 4(a) shows representative XRD spectra for the
BMG in the as-cast state and after cutting by AWJ, EDM,
and milling (AWJ at 1000 mm/min and EDM using 380 A
are shown, and are representative of all AWJ and EDM
conditions). The absence of Bragg peaks suggests that
AWJ did not induce crystallization, while the spectrum
after cutting by wire-EDM shows numerous such reﬂec-
tions along with an amorphous background, indicating
partial crystallization. That ﬁgure also shows the XRD
spectra of chips from dry milling at cutting speeds of
20 and 200 m/min. The former condition shows no Bragg
peaks, while the latter shows many, which indicates
total crystallization. When milling at a cutting speed of
200 m/min, ﬂashes of burning chips were often observed,
suggesting that temperatures above 2400 K occurred at
the interface.11 These results suggest that this BMG can
be reliably machined by dry milling only if low cutting
speeds (around 20 m/min) are used, which is consistent
with previous reports.10 Figure 4(b) shows DSC traces of
the BMG as-cast and after machining by AWJ, at various
feed rates, and EDM at 380 A (representative of DSC for
all EDM conditions). The as-cast BMG shows similar
results to those reported elsewhere for the same compo-
sition (including the dual overlapping peaks during
primary crystallization, which are due to nanometer scale
heterogeneities18). No changes outside of experimental
uncertainty can be seen for the machined samples, further
supporting the claim that AWJ is nondestructive. This
also suggests that the crystallization observed by XRD
for the EDM cuts is predominantly on the surface.
FIG. 2. Representative scanning electron microscopy images of machined BMG surfaces using (a) AWJ (1000 mm/min feed rate) and (b) electrical
discharge machining (EDM) at 380 A; (c) and (d) are higher magniﬁcation images of the surfaces from (a) and (b), respectively; the surface in
(b, d) appears to be partially crystallized (see Fig. 4 and discussion in the text). The arrow in (a) indicates the direction of the jet; effects of
jet-broadening can be seen by a slight change in surface ﬁnish along the direction of the jet.
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The agglomerated particles observed from SEM (Fig. 2)
may arise from local melting and recrystallization and
may thus be the source of the Bragg reﬂections. DSC
performed on the chips from milling at 20 and 200 m/min
was consistent with the XRD traces of Fig. 4(a): the chips
produced by the higher cutting speed show no glass
transition and no distinct crystallization event, indicating
that they have been fully crystallized.
Figure 5 shows the setup used to machine the prototype
screw from the rod-shaped BMG using AWJ; the insets to
Fig. 5 show a detail of the screw threads and the XRD
spectrum of the ﬁnished part. The ﬂash of light seen near
the jet was due to a chemical reaction of Ti with air. This is
observed when machining alloys containing Ti with
a waterjet. This effect should not be confused with the
ﬂash generated during, e.g., milling, which is associated
with extremely high temperatures. From the photograph of
the screw, it can be seen that the threads are uniform and
smooth. From the XRD trace, no Bragg reﬂections are
present, suggesting that crystallization did not occur. DSC
scans were also performed on sections of the screw (not
shown) and showed no change compared to the as-cast
FIG. 4. (a) Representative x-ray diffraction (XRD) traces of the BMG as-cast, after machining by AWJ (1000 mm/min feed rate), EDM (380 A), and
dry milling at cutting speeds of 20 and 200 m/min (XRD traces from chips). Surface crystallization from EDM can be seen although none is observed
from AWJ; the chips from milling with 200 m/min cutting speed show complete crystallization (an intense peak at 2h5 55° was truncated to preserve
the scale) while with 20 m/min they do not; (b) differential scanning calorimetry (DSC) traces for the BMG as-cast and after machining, by AWJ at
various speeds and EDM at 380 A, showing no changes outside normal variance. DSC traces for the milled chips (not shown) conﬁrm the XRD results
from (a) for those samples.
FIG. 3. Grooves engraved into the surface of the BMG by a ns-pulsed laser at (a, b) 100 and 1000 mm/s feed rates, respectively, and 10% power;
(c, d) 100 and 1000 mm/s, respectively, and 70% power. In (a, b), contraction due to crystallization is indicated by the rippled morphology; in
(c, d), extreme surface damage and redeposition of melted material are seen.
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BMG. (A video of the machining process is available as
supplementary material attached to the online version of
this article.) Corrosion caused by the waterjet was not
investigated in this study. The results of DSC and XRD
measurements, however, suggest that this was not a con-
cern for this BMG. For other BMGs that are highly
susceptible to corrosion in aqueous solutions, or for parts
needed in corrosive environments, further investigation of
corrosion may be required.
IV. CONCLUSIONS
Conventional dry milling, wire-EDM, ns-pulsed laser
micromachining, and AWJ machining were evaluated as
methods for machining a Zr-based BMG, with the aim of
producing complex 3D devices such as orthopedic screws
or other load-bearing implants. AWJ machining showed
the best combination of low process temperatures, high
feed rates, and degrees of freedom needed to fabricate 3D
parts. The other techniques have various limitations, such
as lower potential feed rates, tool damage, fewer degrees
of freedom, or crystallization induced at the surface. As
proof-of-principle, AWJwas used to fabricate a prototypical
screw from a 4-mm-diameter BMG rod. The machining
setup (Fig. 5) could be modiﬁed and CNC incorporated to
fabricate a true orthopedic implant.
It should be noted that the Zr-based BMG used here
has high glass-forming ability (GFA) and thermal stabil-
ity, which make it suitable for plastic-forming and net
shape-casting operations. Based on its high GFA, this
FIG. 5. An image captured from video of the setup for fabricating a prototype screw from the 4-mm BMG pin using AWJ. The insets show a higher
magniﬁcation photograph of the ﬁnished part and the XRD spectrum of the screw, which exhibits no Bragg peaks, indicating that crystallization
did not occur. The video of the machining process can be found in the supplementary material accompanying the online version of the article.
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BMG was chosen for evaluating new machining techni-
ques, which was the goal of this study. The results
presented here indicate that AWJ is a very promising
method for machining BMGs. It enables rapid fabrication
of 3D parts from BMGs that are typically difﬁcult to
machine or form, such as those with lower thermal stability.
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